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Abstract
We aimed to replicate a published effect of transcranial direct-current stimulation (tDCS)-
induced recognition enhancement over the human ventrolateral prefrontal cortex (VLPFC)
and analyse the data with machine learning. We investigated effects over an adjacent
region, the dorsolateral prefrontal cortex (DLPFC). In total, we analyzed data from 97 partici-
pants after exclusions. We found weak or absent effects over the VLPFC and DLPFC. We
conducted machine learning studies to examine the effects of semantic and phonetic fea-
tures on memorization, which revealed no effect of VLPFC tDCS on the original dataset or
the current data. The highest contributing factor to memory performance was individual dif-
ferences in memory not explained by word features, tDCS group, or sample size, while
semantic, phonetic, and orthographic word characteristics did not contribute significantly.
To our knowledge, this is the first tDCS study to investigate cognitive effects with machine
learning, and future studies may benefit from studying physiological as well as cognitive
effects with data-driven approaches and computational models.
1 Introduction
Transcranial direct-current stimulation (tDCS), a method of safely and non-invasively deliver-
ing a weak electric current through the cortex, has been gaining increasing attention [1] as a
tool for studying and possibly enhancing episodic memory [2]. Anodal tDCS (atDCS) involves
increasing cortical excitability in a target region such as the dorsolateral prefrontal cortex
(DLPFC), which may in turn facilitate or enhance memory performance by decreasing
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reaction time and/or increasing memory accuracy [3, 4]. However, there remains well-
founded skepticism about widespread applications of tDCS, partly because of the lack of
knowledge about mechanisms of action [5] and difficulty in replicating results [6].
Most tDCS studies in episodic memory have targeted the DLPFC (see [7] for a review)
because of its role in selective attention [8], strategic retrieval [9], and other executive functions
involved in episodic memory [10]. In line with the hemispheric encoding/retrieval asymmetry
model [11], previous studies with tDCS show functional asymmetry in the DLPFC, with stimu-
lation over the left DLPFC affecting encoding and stimulation over the right DLPFC affecting
retrieval [12–14]. However, memory enhancements due to atDCS have been inconsistent over
the DLPFC, in both individual studies [4, 10, 12, 13, 15] and meta-analyses [16–18]. Most stud-
ies over the DLPFC examined effects when atDCS was delivered predominantly during encod-
ing. At least two studies examined purely offline encoding effects: [19] delivered atDCS over
F3 for 15 minutes before encoding and found no effects on accuracy or reaction time, although
atDCS over the contralateral hemisphere (F4) led to faster reaction times. Lu and colleagues
[20] delivered atDCS over a more lateral site (FC5) for 20 minutes before encoding and found
an increase in correct memory responses for previously-presented items.
To the authors’ knowledge, no study to date has systematically examined effects of timing
of administration on the DLPFC, comparing online vs offline effects at encoding or retrieval.
However, a previous study by the authors showed significant differences in online and offline
effects over an adjacent site, the left VLPFC [20]. The authors administered atDCS before the
study phase (offline encoding) or during the study task (online encoding) that involved inten-
tionally memorizing each presented word (Experiment 1). As expected given support from
fMRI and TMS studies, the left VLPFC seemed to be strongly modulated by atDCS at encod-
ing, specifically online but not offline encoding.
The VLPFC and DLPFC are thought to play functionally distinct roles in long-term verbal
memory, and the left VLPFC appears selectively engaged in verbal but not non-verbal material.
Specifically, the VLPFC may be more involved in encoding for individual items, while the
DLPFC is more engaged in associative or relational encoding [21–24]. Moreover, activation in
the DLPFC may predict long-term memory success through DLPFC involvement in domain-
general working-memory or executive processes such as mental manipulation of information
(e.g. visualizing rotating objects; [25]) and applying a specific strategy (e.g. for retrieval of
information; [26]). In a tDCS study conducted by [27], tDCS was applied over the left DLPFC
in a cued-word-completion task to modulate memory performance. The results showed that
cathodal stimulation inhibited memory accuracy after error learning in comparison with
sham: the errors were evoked through guessing, or the incorrect completion lowered memory
accuracy in contrast to a non-error condition or anodal stimulation in either condition (no
effect). They concluded that the DLPFC was only modulated when its processing demands
were higher for conflicting information. In contrast, the VLPFC appears to be engaged in
maintaining information in working memory [28] and processing semantic information
including accessing lexical identity and connecting words to other words in the semantic net-
work [29].
The current study involved administering atDCS over the left DLPFC during offline or
online encoding to identify the effective time of administration and confirm the causal role of
the DLPFC in encoding processes. Participants were assigned to a Sham group (over the
DLPFC) or one of three tDCS groups: DLPFC Online, DLPFC Offline, and VLPFC Online.
Previous research suggests that atDCS could potentially enhance memory performance when
delivered online or offline encoding over the DLPFC [30–34], so we predicted higher memory
performance for either condition (DLPFC Online or DLPFC Offline). In addition, the study
provides a novel comparison of atDCS effects during encoding over the VLPFC vs DLPFC.
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We predicted a successful replication of Experiment 1 from [20] with higher memory accuracy
for the VLPFC Online group compared to Sham, but we also predicted a larger effect size for
VLPFC Online than DLPFC Online or DLPFC Offline based on previous rTMS studies com-
paring memory disruption in the VLPFC vs DLPFC. For example, [35] found that stimulation
over the VLPFC during encoding led to a greater disruption in memory performance than
over the DLPFC, suggesting that the VLPFC may play a more important role in encoding pro-
cesses. Finally, there remains a lack of knowledge about the mechanisms of atDCS on verbal
memory and whether atDCS effects can be influenced by word characteristics, specifically
semantic (meaning), orthographic (letters), and phonological (sounds). We also aimed to
examine how the tDCS effects interacted with language and linguistic factors, since the replica-
tion study was conducted in Russian and the original study was conducted in English. Thus,
data were applied from a previously-published experiment ([20]; Experiment 1) and the cur-
rent experiment from the Online Encoding (VLPFC) group to an AUROC analysis. After com-
parisons of group means in reaction time and accuracy on the recognition test, a regression
algorithm was applied to infer the quality of recognition using semantic and phonological fea-
tures of words. Semantic and phonological features were added to the model and predictive
capability was assessed. We predicted that the model would be able to distinguish between
words that are hard and easy to remember in Russian and English speakers. Thus, machine
learning algorithms were applied in order to reveal the impact of factors including semantics,
phonetics and individual variance to episodic memory performance as well as the interaction
with tDCS.
2 Methods and materials
In line with a replication study, we followed the same procedure as in Experiment 1 of [20]
with few exceptions (translation of materials to Russian and comparison of DLPFC and
VLPFC as stimulation sites). Broadly, participants memorized words presented individually
on a screen while undergoing tDCS (before or during this phase), and 24 hours later they per-
formed a recognition test. The study and test stimuli were translated based on the first word
meaning in the vocabulary entry, and the translation achieved relatively matched frequency
(MEnglish = 24.47; MRussian = 40.38; [36]) and number of letters (MEnglish = 6.17; MRussian = 6.19).
Specifically, we applied the same tDCS settings (2 mA active tDCS and 30 s Sham tDCS) over
the DLPFC (all conditions: offline, sham, and online) in addition to the VLPFC (online encod-
ing only). The electrodes were placed at both sessions (study and test 24 hours later), but stim-
ulation was only delivered before or during the encoding task in the study phase. The anode
was placed over the left VLPFC (F7) or the left DLPFC (F3), and the cathode was placed over
the ipsilateral (left) shoulder. See Section 2.1 below for the experimental conditions. Stimula-
tion was delivered via a battery-powered, constant-current stimulator (Brainstim, EMS, Bolo-
gna, Italy) through 5 × 7cm2 electrodes. In addition, participants were asked to describe the
sensations that they felt during the stimulation and indicate whether they believed they
received real or placebo stimulation. Participants were single-blinded, and the questionnaire
indicated that blinding was successful: 80% believed that they received real stimulation. Data
were analyzed in SPSS (version 24; IBM, Armonk, New York) and machine learning studies
were conducted in Python (version 3.7).
2.1 Participants
Participants were randomly assigned to one out of four groups: VLPFC Online, DLPFC
Online, DLPFC Offline and Sham. Based on a power analysis to detect a large effect size [20],
d = 1.29;α = 0.05, 1 − β = .95), we aimed to recruit 31 participants per group (124 total), but we
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analyzed data from 97 participants because of exclusions (see below). Participants (female = 63,
male = 49, Mage = 20.51, SD = 2.89) were native Russian speakers with normal or corrected-to-
normal vision and no history of neurological or psychiatric illness. Bonferroni-corrected pair-
wise comparisons of ae between pairs of groups showed a significant difference in age between
VLPFC Online (M = 21.76, SD = 3.54) and DLPFC Online (M = 19.21, SD = 1.10), p = .014.
However, there were no significant differences in age between the other groups, ps> .062.
Data from 12 participants were excluded from analysis because 1) the participant was feel-
ing unwell (2 participants: DLPFC Sham and VLPFC Online) 2) there were technical issues
(6 participants: two in DLPFC Online, two in VLPFC Online, and two in DLPFC Sham) or 3)
the participant was left-handed (one participant: DLPFC Online) and 4) there was an experi-
menter error (3 participants: one in DLPFC Sham and two in VLPFC Online). The exclusions
resulted in 26 in the VLPFC Online group, 31 in the DLPFC Offline group, 28 in the DLPFC
Online group, and 27 in the Sham group. Moreover, fifteen outliers were excluded (see data
analysis for criteria), leaving a final sample size of 25 for VLPFC Online (one outlier), 25 for
DLPFC Offline (six outliers), 23 for DLPFC Online (five outliers), and 23 for DLPFC Sham
(four outliers). For all Machine Learning analysis all DLPFC Offline participants except one
were used (30 participants).
The study was approved by the ethics committee of National Research University Higher
School of Economics (Moscow, Russia) and followed the corresponding ethical guidelines. All
participants provided written informed consent and were given monetary compensation (500
rubles) for their time.
2.2 Procedure and experimental design
Each participant, regardless of group assignment, came to the laboratory twice within a 24
hour-interval: on the first day participants memorized the verbal stimuli one word at a time
through pleasantness judgements (pleasant or unpleasant), and on the second day they per-
formed an old/new recognition memory task. For DLPFC Sham, stimulation was delivered for
30 seconds before the stimulator was turned off, and the start of the stimulation corresponded
to the start of the reading task for half the Sham participants and the start of the memory task
(study phase) for the other half. Stimulation was applied for the entire duration (10 minutes)
of the reading task for the DLPFC offline group and for the entire duration (10 minutes) of
the study memory task that immediately followed for the VLPFC Online and DLPFC Online
groups. In summary, the stimulation was delivered for approximately 10 minutes to cover the
entire duration of the reading and memory tasks.
2.3 Data analysis
One-way ANOVAs were conducted for each measure of recognition accuracy [37]: discrimi-
nation index (Pr: combined index involving hits and false alarms), proportion of hits (correctly
identifying an “old” item as studied), and proportion of false alarms (incorrectly identifying a
new item as studied). In addition, one-way ANOVAs were conducted for average reaction
times and reaction times for hits and false alarms separately. Finally, a one-way ANOVA was
conducted on response bias, an index involving hits and false alarms (higher values indicate a
more conservative pattern of responding to old items). Significant effects were followed up
with Bonferroni-corrected planned contrasts between each stimulation group and Sham (one-
tailed). Outliers were excluded based on two standard deviations from the mean on any of the
following dependent measures: discrimination index Pr, proportion of hits, proportion of false
alarms, and reaction times for hits or false alarms.
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2.4 Area under the receiver operating characteristic curve as a measure of
predictive performance for episodic memory changes
For the second analysis including data from the [20], we included all 17 participants from the
Sham group and 17 from the Online tDCS group, resulting in the same mean age with no sig-
nificant differences between the groups. From the current study, we only included data from
the DLPFC Sham (N = 23) and VLPFC Online groups (N = 25) with no significant differences
in age between groups (Bonferroni-corrected paired comparisons), ps> .852. We imple-
mented a 2 × 2 design with the first factor as language (English or Russian) and the second fac-
tor as tDCS group (VLPFC or Sham).
Applying Area Under the Receiver Operating Characteristic Curve (AUROC) was appro-
priate given that the task involved binary classification (coded as 1 if the word was presented at
study and 0 if unpresented), which fits any ML approach to measuring predictive performance
of classification models [38]. In ML Classification models, true positives represent the model
predicting the positive class correctly and false positives represent incorrect prediction of posi-
tive class.
AUROC 1) provides information about true and false positives in a single measure 2)
shows the source of model error, with larger values indicating that the model predicts better
than chance (greater true positives) and 0.5 indicating the opposite and 3) does not assume a
normal distribution and is robust to unequal sample sizes (whereas average accuracy measures
would overestimate performance). Thus, it is the most suitable measure for the current data.
We included a trial-based approach, computing AUROC for each word based on the entire
sample’s responses for that word, and a participant-based approach, computing AUROC for
each participant based on responses (old or new) for all words presented to that participant.
AUROC values can show whether tDCS is effective in enhancing memory performance,
and the subsequent ML analyses using AUROC can show the effects of various factors (seman-
tic, phonetic, orthographic word characteristics) on recognition of individual words. We
attributed any differences in memory performance not explained by differences in sample
size, linguistic characteristics, or group (tDCS vs Sham) to individual differences in memory
function.
If stimulation enhances episodic memory performance, we expect a significant increase or
decrease in AUROC (both over words and over participants in both VLPFC groups compared
to Sham). If tDCS impairs memory performance, we expect values close to 0.5, which reflects
that participant response decisions (old or new) approached chance.
If tDCS has no effect, there would be no difference in AUROC values across words or
AUROC distributions between VLPFC and Sham. Since tDCS enhanced episodic memory in
the original experiment and we expect a successful replication, we expected AUROC values for
VLPFC to be significantly different from chance, with significantly different AUROC values
and distributions compared to Sham. Moreover, tDCS significantly increased reaction time in
[20], so we predicted a significant difference between VLPFC and Sham in reaction time.
Since we did not assume a normal distribution, we applied the two-sample Kolmogorov-Smir-
nov test for accuracy and reaction time. We have also computed median test for differences in
median AUROC.
2.5 Extraction of semantic, phonological and orthographic determinants of
episodic memory performance
To investigate the effect of semantic and phonetic features on memorization and the interac-
tion with tDCS, we extracted words with significantly more true positive rates (reflecting hits)
and false positive rates (reflecting false alarms) in each group (VLPFC and Sham). We
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examined the top ten words from each category (see S1 Appendix). A preliminary descriptive
analysis of the highest and lowest AUROC-words showed no association between individual
variance and memory accuracy in VLPFC and Sham groups. Therefore, we do not report these
results further.
Moreover, we used word embeddings, which approximated the semantic similarities
between words. In line with the trial-based and participant-based approaches, we conducted
two kinds of ML studies: 1) Participant-independent (trial-based) analysis tests the success of a
model that predicts the AUROC for each word using either word embeddings or letter-based
one-hot encoding (each letter i is replaced by a vector of Nalphabet components with the i-th
component being equal to 1 while every other component is zero.) and 2) Participant-specific
(participant-based) analysis tests the success of a model that predicts whether a participant was
able to recall the word given either word embeddings or letter-based one-hot encoding for
each word for individual participants. Word embeddings were applied from FastText [39], a
library developed in Facebook that incorporates semantic information from each word as well
as subwords contained within to embed vectors. The pretrained embedding was aligned fol-
lowing [40] so that English and Russian vectors could lie in the same vector space and we
could use it to train a model that uses both English and Russian vectors to check whether there
are any language-independent semantic determinants. To artificially enlarge the sample size
for our models, we use the augmentation approach described in [41] (see S2 Appendix for
details).
For prediction, we applied TPOT [42], an automated Machine Learning library that enables
searching for the best classification and regression model using Evolutionary Algorithms, and
AutoPyTorch [43], an automating Machine Learning library for the PyTorch [44] deep learn-
ing framework. Pipelines found by TPOT or AutoPyTorch are usually better than those found
by grid search or manual construction. TPOT was used for experiments with word vectors,
and AutoPyTorch was used for experiments with one-hot encoded word images.
We applied the following parameters: for TPOT, default ones for evolutionary algorithm;
20 for number of generations and 5 for population size; 10 folds for cross-validation; mean
absolute error as the scoring function, and “TPOT light” as the configuration dictionary, for
AutoPyTorch, default validation setup, “tiny-cs” config for participant-independent trials and
“medium-cs” config for participant-dependent trials.
Prior to training, for each experiment, we have randomly extracted 10% of the dataset and
used it as a hold-out set for test. We trained our AutoML on the rest 90% with the respective
cross-validation schemes and we examine the generalization ability of a model by assessing the
difference between the quality metrics on training and hold-out sets. The model could perform
very well on training set, but show lack of predictive ability on the hold-out. Such an outcome
would be a sign of poor generalization ability which would show that based on this data we can
not infer the existence of learnable connection between features and a label.
3 Results
3.1 ANOVA
Accuracy was significantly above chance for all groups, ts> 3.88, ps< .005. Levene’s test (Fs>
2.84, ps< .042) and frequency distributions suggested that most data did not follow a normal
distribution. Although non-parametric statistics may be more appropriate than an ANOVA, to
enable comparison with the original effect sizes, corrected parametric statistics (Brown-Forsythe’s
F statistic) are reported in text for corresponding dependent measures. There were no significant
differences between groups in recognition accuracy Fð3; 79:78Þ ¼ 2:37; p ¼ :076; Z2p ¼ :082,
response bias Fð3; 93Þ ¼ 2:15; p ¼ :100; Z2p ¼ :065, or average reaction time
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Fð3; 74:26Þ ¼ 0:70; p ¼ :556; Z2p ¼ :028. To enable comparison with the original paper, we
report the results of multiple ANOVAs. However, to control for multiple tests and the dif-
ference in age between groups, we analyzed all dependent variables including AUROC with
a MANOVA, Pillai’s trace (12, 294) = .166, p = .148, and recognition accuracy and average
reaction time with age as a covariate, F(3, 98) = .097 and F(3, 98) = .557, respectively. There
was no significant difference between groups with hits, false alarms, recognition accuracy,
and average reaction time as dependent variables. There was also no significant difference
in the proportion of hits Fð3; 76:88Þ ¼ 1:37; p ¼ :259; Z2p ¼ :051, or associated reaction
times Fð3; 75:56Þ ¼ 0:49; p ¼ :694; Z2p ¼ :019. There was a significant difference in
proportion of false alarms F(3, 93) = 2.85, p = .042 but not associated reaction times
Fð3; 70:82Þ ¼ 0:91; p ¼ :439; Z2p ¼ :037. Planned contrasts for false alarms revealed signifi-
cant differences betzween VLPFC tDCS and Sham t(93) = 2.78 and between Offline DLPFC
tDCS and Sham t(93) = 2.14, p = .018, with higher false alarm rates for VLPFC tDCS and
Offline DLPFC tDCS. There were no significant differences between Online tDCS and
Sham t(93) = 1.36, p = .178. See Table 1 for means and standard deviation for the mean
accuracy for each group and Table 2 for means and standard deviation for reaction times.
3.2 AUROC analysis and ML models
The range of performance as measured by AUROC (0.38-0.62; see Fig 1) indicates that partici-
pant decisions were close to random choice, since an AUC coefficient of 0.75 or higher reliably
reflects accurate performance. The VLPFC group shows a similar distribution of individual
AUROC coefficients to the Sham group, indicating that there was no effect of tDCS on memo-
rization and perhaps other factors (word characteristics, individual differences, error) contrib-
uted more highly.
Table 1. Means and standard deviations for memory accuracy across groups.
N Discrimination Pr Br response bias Pr hits Pr false alarms
Online DLPFC mean 24 0.15 0.61 0.68 0.53
Online DLPFC SD 24 0.16 0.14 0.10 0.18
Offline DLPFC mean 25 0.07 0.60 0.63 0.57
Offline DLPFC SD 25 0.12 0.12 0.12 0.14
VLPFC mean 23 0.16 0.56 0.63 0.47
VLPFC SD 23 0.18 0.17 0.16 0.18
Sham mean 25 0.09 0.66 0.69 0.59
Sham SD 25 0.11 0.12 0.11 0.12
https://doi.org/10.1371/journal.pone.0235179.t001
Table 2. Means and standard deviations for reaction time accuracy across groups.
N Average RT RT hits RT false alarms
Online DLPFC mean 24 501.49 504.82 498.17
Online DLPFC SD 24 144.91 151.20 139.84
Offline DLPFC mean 25 503.00 505.85 500.16
Offline DLPFC SD 25 103.62 104.71 103.66
VLPFC mean 23 535.72 532.52 538.91
VLPFC SD 23 156.16 142.72 171.43
Sham mean 25 484.00 477.82 484.00
Sham SD 25 82.58 86.10 82.58
https://doi.org/10.1371/journal.pone.0235179.t002
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Although the distributions of AUROC coefficients for individual words appeared to vary
depending on the sample (English or Russian) and group (VLPFC or Sham; see Fig 2), with
the English VLPFC group showing more variance than either of the Sham groups, there was
no significant difference in AUROC distributions between English or Russian words or experi-
mental groups, suggesting that the greater variance in the English group reflected smaller sam-
ple size.
We found significant differences in distributions for reaction time between Russian and
English words as well as significant differences in distributions between sham and VLPFC
online across both samples, p< .001, but no significant difference in median AUROC (p-val-
ues are either way larger than 0.001 or borderline—about 0.001-0.004), suggesting that as for
the accuracy data, differences in distribution reflected differences in sample size (see Fig 3).
Finally, we found no significant contributions of semantic, orthographic, or phonological
characteristics of words in terms of predicting the success of participant in recalling the word
for participant-independent (see S3 Appendix) or participant-dependent (see S4 Appendix)
models. The Spearman correlations for predictions and real labels for hold-out set in
Fig 1. Violin plots of AUC distributions for Russian vs English participants in each group. Panel A shows the
Russian sample (p-value of median test is 0.267) and Panel B shows the English sample (p-value of median test is 0.17).
https://doi.org/10.1371/journal.pone.0235179.g001
Fig 2. Violin plots showing AUROC distributions for Russian vs English words in each group. A—all groups (p-
value of median test is 0.004), B—sham (p-value of median test is 0.274), C—VLPFC online (p-value of median test is
0.001).
https://doi.org/10.1371/journal.pone.0235179.g002
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prediction of word AUROC were close to zero, the AUROCs of participant-independent mod-
els for hold-out set were close to 0.5 with small standard deviation, suggesting that the model
did not learn anything useful for prediction of experiment outcome.
4 Discussion
The aim of the current study was to replicate and extend the findings of [20](Experiment 1)
with the VLPFC and DLPFC. However, the effect of tDCS over the left VLPFC (decrease in
false recognition) was not replicated, and there were weak, negative effects over the DLPFC
in the Offline group. In fact, there was a trend toward increased false alarms after online
tDCS over the VLPFC and offline tDCS over the DLPFC compared to Sham. The trend sug-
gests that an increase in false alarms obscured group differences, and the increase in false
alarms could be driven by an increase in semantic elaboration that leads to better memory
for features common to multiple items [45, 46]. While the results do not support effects over
the DLPFC and VLPFC, this speaks to the lack of tDCS effect rather than the lack of involve-
ment of these regions in episodic memory. Although it is clear from TMS studies that the
VLPFC is necessary for episodic memory, TMS disruption of the DLPFC does not consis-
tently impair episodic memory and the specific roles of both regions remain to be clarified.
While meta-analyses and studies aimed at replication of tDCS cognitive effects do not sup-
port the effectiveness of tDCS generally [47, 48], the majority of tDCS studies lack deeper
explorations of non-linear effects and individual differences through modelling and ML
[49]. In our case, a limitation was not estimating whether maximum current flow was under-
neath the anode electrode and at the region of interest (VLPFC or DLPFC). However, the
aim of the current study was to clarify the consistency of the effect found in the original
study using an identical method, including montage. Future studies could test a montage
with greatest likelihood of current flow at the region of interest by modeling current density
maxima. More insight is needed into the relationship between biological and cognitive
effects. For example, future studies could attempt to classify groups by using concurrent
EEG activity during tDCS administration. However, even tDCS-EEG studies alone may not
be beneficial because EEG reflects the synchronized firing of large populations of neurons
Fig 3. Reaction time distribution for English and Russian words.
https://doi.org/10.1371/journal.pone.0235179.g003
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across the brain (not just the stimulated region), and the neural signature is not always mod-
ulated by changes in cognitive performance. Thus, more sensitive measures of tDCS cogni-
tive and neural effects can be implemented, such as changes in resting-state connectivity
[50], GABA and glutamate concentrations [51], and cerebral blood flow [52]. It remains
unclear whether the significant tDCS modulation of long-term verbal encoding in the origi-
nal study occurred through modulation of related processes such as lexical retrieval, working
memory, or attention. For example, tDCS has been shown to modulate the speed of vocabu-
lary learning but not final vocabulary recall over multiple sessions [53]. Moreover, atDCS
over the VLPFC led to improved semantic processing in language tasks [32] such as naming
common objects [54] and working memory tasks [55]. Thus, tDCS could modulate a seman-
tic process or working memory maintenance that contributes to long-term memory rather
than the formation of the memory trace, which is thought to rely more on the hippocampus
[56, 57]. Individual differences in baseline memory performance, correlated cognitive func-
tions, and neuroanatomy could obscure the effect of tDCS on measures of memory perfor-
mance, especially if the effect is subtle. It is clear that effects of tDCS on physiology may not
correspond with cognitive effects, and future studies can better explore this relationship with
physiological as well as cognitive measures and by estimating the current density maxima. It
is notable that using AUROC we could not discriminate hard and easy to remember words
in Experiment 1 of [20]: the AUC curve revealed no significant effect of VLPFC tDCS on
English or Russian speakers. Although average memory accuracy was above chance, AUC
suggested that when considering individual trials, participants were guessing. Future studies
can test the reliability of the recognition test as an assessment for tDCS-induced cognitive
effects and try to increase participant motivation and concentration to attain optimal trial-
by-trial performance for examining tDCS-induced changes. The ML analysis showed that
phonological, semantic, and orthographic features did not influence the episodic memory.
Although it is likely that these features contributed to memory formation, their influence
was minimal and overshadowed by the large interaction between atDCS and individual dif-
ferences. This individual variability has been examined in other studies that found differ-
ences between high and low performers (e.g. [10]). Individual differences in baseline
memory performance and encoding ability appear to be an influential factor, more than lan-
guage or word characteristics. The results indicate that individual differences may be one of
the most important parameters not only in the current study and tDCS field but also in repli-
cation studies. A limitation was that we did not conduct a within-subjects study in which we
examined differences in individual performance. A replication of a within-subjects study
could reveal that the effect of a between-subjects study was due to differences between partic-
ipants and when participants are compared to their own performance, there is little effect of
tDCS. Indeed, studies including [20] have found varying effects when comparing between-
subjects to within-subjects tDCS effects over the same location, with potentially smaller or
absent effects for within-subjects studies (e.g. compare between-subjects results in [30, 32,
58, 59] and Experiment 1 in [20] to within-subjects results in Experiment 3 in [20]; Experi-
ment 2 in [60] and [14]. Furthermore, it is important to identify the reliability of tDCS effects
with direct replications within the same lab as well as other labs [61] with sufficiently large
sample sizes. However, continued future examinations of tDCS cognitive effects may have
less value if not supplemented with a measure of biological effects. Future data-driven studies
should aim to predict when physiological effects such as increases in BOLD activation lead to
cognitive outcomes such as higher performance and whether duration and frequency of
tDCS are involved. Although the sample size of the current study should have had sufficient
statistical power to detect the original effect size ([20], Experiment 1), the true effect size
could still be eluded because of a statistical phenomenon known as the “winner’s curse”. The
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winner’s curse posits that the first studies to find a significant and novel effect will be pub-
lished, and the reported effect will be exaggerated because these studies tend to be explor-
atory and include smaller sample sizes. If several small-sample studies are investigating the
same effect, random error and sampling variation may lead to one but not all of the studies
finding an effect that crosses significance threshold because under-powered studies can only
find large effects. The true effect is likely to be smaller, so it would not otherwise emerge in
under-powered studies. This phenomenon is illustrated well in the meta-analysis by [2], in
which most included articles reported at least one significant effect, but the average effect
size was close to zero when all studies were included in the analysis. For example, [62] found
an effect of atDCS in their first experiment but not in a subsequent replication in the same
paper. The conclusion of [63] is in line with the “winner’s curse” effect, while the authors
suggest a smaller sample size (between d = .40 and d = .50 according to Cohen, 1988) as
more appropriate for tDCS studies. We did not successfully replicate the results of the previ-
ous work, although we used a larger sample size and nearly identical method. It is worth
mentioning that the results of the replicated study are not significant based on the ANOVA
(and this statistical model is appropriate for the original study) or the AUROC analysis
applied to both datasets. It does not seem that there was a cultural or linguistic component
involved, in line with previous tDCS experiments that found similar effects on verbal mem-
ory performance between countries (Italy: [32]; England: [20]; USA: [59]). However, cul-
ture-dependent tDCS should be tested directly by comparing individuals of different
cultures in the same language. We would expect culture-dependent effects in social cognition
(e.g. [53]) but not in processes such as memory encoding that are thought to rely on the
same neural architecture across people. In the current study, tDCS did not lead to significant
differences in memory performance or reaction time. While it seems unlikely that the signifi-
cant effect in the original study was due to sample size alone, we conclude based on the lack
of replication that the effect of tDCS on long-term verbal memory when the anode is placed
over the VLPFC or DLPFC may be subtle. Moreover, the effect may be completely obscured
during interactions with other factors that may be difficult to measure or quantify, such as
the state of the network. Regression approaches could be successful for future studies that
model interactions between biological and cognitive effects. In spite of the significant tDCS
effects found in previous memory studies, we suggest caution in interpreting these effects
and applying tDCS as a neuromodulator until replications are conducted with biomarkers.
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10. Habich A, Klöppel S, Abdulkadir A, Scheller E, Nissen C, Peter J. Anodal tDCS enhances verbal epi-
sodic memory in initially low performers. Frontiers in human neuroscience. 2017; 11:542. https://doi.
org/10.3389/fnhum.2017.00542
11. Nyberg L, Cabeza R, Tulving E. PET studies of encoding and retrieval: The HERA model. Psychonomic
Bulletin & Review. 1996; 3(2):135–148. https://doi.org/10.3758/BF03212412 PMID: 24213861
12. Javadi AH, Cheng P. Transcranial direct current stimulation (tDCS) enhances reconsolidation
of long-term memory. Brain stimulation. 2013; 6(4):668–674. https://doi.org/10.1016/j.brs.2012.10.
007
13. Javadi AH, Walsh V. Transcranial direct current stimulation (tDCS) of the left dorsolateral prefrontal cor-
tex modulates declarative memory. Brain stimulation. 2012; 5(3):231–241. https://doi.org/10.1016/j.brs.
2011.06.007
14. Manenti R, Brambilla M, Petesi M, Ferrari C, Cotelli M. Enhancing verbal episodic memory in older and
young subjects after non-invasive brain stimulation. Frontiers in aging neuroscience. 2013; 5:49. https://
doi.org/10.3389/fnagi.2013.00049 PMID: 24062685
15. Lara GAd, Knechtges PN, Paulus W, Antal A. Anodal tDCS over the left DLPFC did not affect the
encoding and retrieval of verbal declarative information. Frontiers in neuroscience. 2017; 11:452.
https://doi.org/10.3389/fnins.2017.00452 PMID: 28848378
16. Brunoni AR, Vanderhasselt MA. Working memory improvement with non-invasive brain stimulation of
the dorsolateral prefrontal cortex: a systematic review and meta-analysis. Brain and cognition. 2014;
86:1–9. https://doi.org/10.1016/j.bandc.2014.01.008 PMID: 24514153
17. Dedoncker J, Brunoni AR, Baeken C, Vanderhasselt MA. A systematic review and meta-analysis of the
effects of transcranial direct current stimulation (tDCS) over the dorsolateral prefrontal cortex in healthy
and neuropsychiatric samples: influence of stimulation parameters. Brain stimulation. 2016; 9(4):501–
517. https://doi.org/10.1016/j.brs.2016.04.006
18. Dedoncker J, Brunoni AR, Baeken C, Vanderhasselt MA. The effect of the interval-between-sessions
on prefrontal transcranial direct current stimulation (tDCS) on cognitive outcomes: a systematic review
and meta-analysis. Journal of Neural Transmission. 2016; 123(10):1159–1172. https://doi.org/10.1007/
s00702-016-1558-x PMID: 27145765
19. Lafontaine MP, Theoret H, Gosselin F, Lippe S. Transcranial direct current stimulation of the dorsolat-
eral prefrontal cortex modulates repetition suppression to unfamiliar faces: an ERP study. PloS one.
2013; 8(12). https://doi.org/10.1371/journal.pone.0081721 PMID: 24324721
20. Medvedeva A, Materassi M, Neacsu V, Beresford-Webb J, Hussin A, Khan N, et al. Effects of anodal
transcranial direct current stimulation over the ventrolateral prefrontal cortex on episodic memory for-
mation and retrieval. Cerebral Cortex. 2019; 29(2):657–665. https://doi.org/10.1093/cercor/bhx347
PMID: 29329367
21. Murray LJ, Ranganath C. The dorsolateral prefrontal cortex contributes to successful relational memory
encoding. Journal of Neuroscience. 2007; 27(20):5515–5522. https://doi.org/10.1523/JNEUROSCI.
0406-07.2007 PMID: 17507573
22. Blumenfeld RS, Ranganath C. Prefrontal cortex and long-term memory encoding: an integrative review
of findings from neuropsychology and neuroimaging. The Neuroscientist. 2007; 13(3):280–291. https://
doi.org/10.1177/1073858407299290 PMID: 17519370
23. Blumenfeld RS, Parks CM, Yonelinas AP, Ranganath C. Putting the pieces together: the role of dorso-
lateral prefrontal cortex in relational memory encoding. Journal of cognitive neuroscience. 2011; 23
(1):257–265. https://doi.org/10.1162/jocn.2010.21459 PMID: 20146616
24. Blumenfeld RS, Nomura EM, Gratton C, D’Esposito M. Lateral prefrontal cortex is organized into paral-
lel dorsal and ventral streams along the rostro-caudal axis. Cerebral Cortex. 2013; 23(10):2457–2466.
https://doi.org/10.1093/cercor/bhs223 PMID: 22879354
25. Blumenfeld RS, Ranganath C. Dorsolateral prefrontal cortex promotes long-term memory formation
through its role in working memory organization. Journal of Neuroscience. 2006; 26(3):916–925. https://
doi.org/10.1523/JNEUROSCI.2353-05.2006 PMID: 16421311
26. Hawco C, Berlim MT, Lepage M. The dorsolateral prefrontal cortex plays a role in self-initiated elabora-
tive cognitive processing during episodic memory encoding: rTMS evidence. PLoS One. 2013; 8(9).
https://doi.org/10.1371/journal.pone.0073789 PMID: 24040072
27. Hammer A, Mohammadi B, Schmicker M, Saliger S, Münte TF. Errorless and errorful learning modu-
lated by transcranial direct current stimulation. BMC neuroscience. 2011; 12(1):72. https://doi.org/10.
1186/1471-2202-12-72 PMID: 21781298
PLOS ONE Machine-learning examination of tDCS episodic memory effects
PLOS ONE | https://doi.org/10.1371/journal.pone.0235179 December 9, 2020 13 / 15
28. Takahashi E, Ohki K, Kim DS. Diffusion tensor studies dissociated two fronto-temporal pathways in the
human memory system. Neuroimage. 2007; 34(2):827–838. https://doi.org/10.1016/j.neuroimage.
2006.10.009 PMID: 17123836
29. Raposo A, Han S, Dobbins IG. Ventrolateral prefrontal cortex and self-initiated semantic elaboration
during memory retrieval. Neuropsychologia. 2009; 47(11):2261–2271. https://doi.org/10.1016/j.
neuropsychologia.2008.10.024
30. Sandrini M, Brambilla M, Manenti R, Rosini S, Cohen LG, Cotelli M. Noninvasive stimulation of prefron-
tal cortex strengthens existing episodic memories and reduces forgetting in the elderly. Frontiers in
aging neuroscience. 2014; 6:289. https://doi.org/10.3389/fnagi.2014.00289 PMID: 25368577
31. Lu Y, Wang C, Chen C, Xue G. Spatiotemporal neural pattern similarity supports episodic memory. Cur-
rent Biology. 2015; 25(6):780–785. https://doi.org/10.1016/j.cub.2015.01.055
32. Pisoni A, Vernice M, Iasevoli L, Cattaneo Z, Papagno C. Guess who? Investigating the proper name
processing network by means of tDCS. Neuropsychologia. 2015; 66:267–278. https://doi.org/10.1016/j.
neuropsychologia.2014.11.025
33. Balzarotti S, Colombo B. Effects of unilateral transcranial direct current stimulation of left prefrontal cor-
tex on processing and memory of emotional visual stimuli. PloS one. 2016; 11(7). https://doi.org/10.
1371/journal.pone.0159555 PMID: 27433807
34. Pergolizzi D, Chua EF. Transcranial direct current stimulation over the parietal cortex alters bias in item
and source memory tasks. Brain and cognition. 2016; 108:56–65. https://doi.org/10.1016/j.bandc.2016.
06.009
35. Blumenfeld RS, Lee TG, D’Esposito M. The effects of lateral prefrontal transcranial magnetic stimula-
tion on item memory encoding. Neuropsychologia. 2014; 53:197–202. https://doi.org/10.1016/j.
neuropsychologia.2013.11.021 PMID: 24316198
36. Lyashevskaya ON, Sharov SA. Frequency dictionary of the modern Russian language (the Russian
National Corpus). M: Azbukovnik (in Russian). 2009.
37. Snodgrass JG, Corwin J. Pragmatics of measuring recognition memory: applications to dementia and
amnesia. Journal of experimental psychology: General. 1988; 117(1):34. https://doi.org/10.1037/0096-
3445.117.1.34
38. Bradley AP. The use of the area under the ROC curve in the evaluation of machine learning algorithms.
Pattern recognition. 1997; 30(7):1145–1159. https://doi.org/10.1016/S0031-3203(96)00142-2
39. Bojanowski P, Grave E, Joulin A, Mikolov T. Enriching word vectors with subword information. Transac-
tions of the Association for Computational Linguistics. 2017; 5:135–146. https://doi.org/10.1162/tacl_a_
00051
40. Joulin A, Bojanowski P, Mikolov T, Jégou H, Grave E. Loss in translation: Learning bilingual word map-
ping with a retrieval criterion. arXiv preprint arXiv:180407745. 2018.
41. Zhang D, Yang Z. Word embedding perturbation for sentence classification. arXiv preprint
arXiv:180408166. 2018.
42. Olson RS, Moore JH. TPOT: A tree-based pipeline optimization tool for automating machine learning.
In: Automated Machine Learning. Springer; 2019. p. 151–160.
43. Mendoza H, Klein A, Feurer M, Springenberg JT, Urban M, Burkart M, et al. Towards automatically-
tuned deep neural networks. In: Automated Machine Learning. Springer; 2019. p. 135–149.
44. Paszke A, Gross S, Chintala S, Chanan G, Yang E, DeVito Z, et al. Automatic differentiation in pytorch.
In: Proceedings of Neural Information Processing Systems; 2017.
45. Einstein GO, Hunt RR. Levels of processing and organization: Additive effects of individual-item and
relational processing. Journal of experimental Psychology: Human learning and Memory. 1980; 6
(5):588.
46. Staresina BP, Gray JC, Davachi L. Event congruency enhances episodic memory encoding through
semantic elaboration and relational binding. Cerebral Cortex. 2009; 19(5):1198–1207. https://doi.org/
10.1093/cercor/bhn165
47. Horvath JC, Forte JD, Carter O. Quantitative review finds no evidence of cognitive effects in healthy
populations from single-session transcranial direct current stimulation (tDCS). Brain stimulation. 2015;
8(3):535–550. https://doi.org/10.1016/j.brs.2015.01.400 PMID: 25701175
48. Vannorsdall TD, Van Steenburgh JJ, Schretlen DJ, Jayatillake R, Skolasky RL, Gordon B. Reproducibil-
ity of tDCS results in a randomized trial: failure to replicate findings of tDCS-induced enhancement of
verbal fluency. Cognitive and Behavioral Neurology. 2016; 29(1):11–17. https://doi.org/10.1097/WNN.
0000000000000086 PMID: 27008245
49. Peterchev AV. Neuromodulation: Transcranial electric stimulation seen from within the brain. Elife.
2017; 6:e25812. https://doi.org/10.7554/eLife.25812
PLOS ONE Machine-learning examination of tDCS episodic memory effects
PLOS ONE | https://doi.org/10.1371/journal.pone.0235179 December 9, 2020 14 / 15
50. Stagg CJ, Bachtiar V, Amadi U, Gudberg CA, Ilie AS, Sampaio-Baptista C, et al. Local GABA concen-
tration is related to network-level resting functional connectivity. Elife. 2014; 3:e01465. https://doi.org/
10.7554/eLife.01465 PMID: 24668166
51. Bachtiar V, Near J, Johansen-Berg H, Stagg CJ. Modulation of GABA and resting state functional con-
nectivity by transcranial direct current stimulation. Elife. 2015; 4:e08789. https://doi.org/10.7554/eLife.
08789 PMID: 26381352
52. Paquette C, Sidel M, Radinska BA, Soucy JP, Thiel A. Bilateral transcranial direct current stimulation
modulates activation-induced regional blood flow changes during voluntary movement. Journal of Cere-
bral Blood Flow & Metabolism. 2011; 31(10):2086–2095. https://doi.org/10.1038/jcbfm.2011.72 PMID:
21559029
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